For a long time scientists have been studying interaction of hydrogen with transition metals, in particular with Pd. The latter is highly permeable for H and widely used as a hydrogenation catalyst. [1, 2] Despite strong research efforts, it is still controversially discussed in which way H sub atoms absorbed just beneath the top metal layer affect surface reactions. For instance, it is uncertain whether H sub species directly participate in hydrogenation of alkyls on Pd, as also discussed for Ni catalysts. [3, 4] As a touchstone reaction we have chosen alkyl to alkane hydrogenation step, which on Pd catalysts is known to be critically affected by the H sub content. [5] [6] [7] (See also our experimental data in Supporting Information (SI) and in Figure S1 .) Importantly, hydrogenation activity of Pd is qualitatively different on single-crystal and nanoparticle (NP) samples. Thus, to account for a part of the complexity of the subsurface chemistry [8] and involvement of H sub in the hydrogenation on metal catalysts we go beyond the consideration of only single-crystal surfaces and explore NP models as well. After an indepth analysis of the processes on Pd we critically compare it with three other transition metals, Pt, Ni and Rh, whose bulk or NP forms were experimentally shown to absorb H. Our density-functional calculations of Pd catalysts are performed for Pd(111) extended (slab) and unsupported Pd 79 NP models with different arrangements and concentrations of H atoms ( Figure 1a ). Note that bare Pd NPs of a similar size sufficiently accurately mimic the NPs deposited on inert metal-oxides. [10] We consider the reactivity of terrace sites on {111} facets of the Pd 79 NP, which is representative for larger Pd NPs commonly employed in catalytic experiments. [11] Edge sites are not discussed here since we did not find them to be more active than the terrace sites in the reaction under scrutiny. Theoretical studies reveal that H sub is bound weaker than H ad on Pd [12] and other transition metals, [13] implying that at equilibrium conditions H occupies subsurface positions only after filling most of the surface positions. [ 5 ,12,14] In some papers the effect of the H ad atoms on the H sub was considered for 3 transition metal slabs, [15] corresponds to the regimes (ii) or (iii). We study ethyl hydrogennation to ethane, C 2 H 5 + H  C 2 H 6 , ( Figure S6 ) as a representative surface reaction because alkyl hydrogenation on Pd was observed to be particularly sensitive to the presence of H sub (see SI and Figure S1 ); our benchmark calculations of butyl hydrogenation on Pd NPs revealed very similar trends in the reactivity (see Table 1 ). Note, however, that for the examined reaction the surface concentration of the alkyl intermediate hardly depends on the concentration of the H sub species (see SI).
Heterogeneous catalysis is commonly governed by surface active sites. Yet, areas just below the surface can also influence catalytic activity, for instance, when fragmentation products of catalytic feeds penetrate inside catalysts. In particular, H absorbed below the surface is required for certain hydrogenation reactions on metals. Herein, we show that sufficient concentration of subsurface hydrogen, H sub , may either increase or decrease significantly the bond energy and the reactivity of the adsorbed hydrogen, H ad , depending on the metal. We predict a representative reaction, ethyl hydrogenation, to speed up on Pd and Pt, but to slow down on Ni and Rh in the presence of H sub , especially on metal nanoparticles. The identified effects of subsurface H on surface reactivity are indispensable for atomistic understanding of hydrogenation processes on transition metals and interactions of hydrogen with metals in general.
For a long time scientists have been studying interaction of hydrogen with transition metals, in particular with Pd. The latter is highly permeable for H and widely used as a hydrogenation catalyst. [1, 2] Despite strong research efforts, it is still controversially discussed in which way H sub atoms absorbed just beneath the top metal layer affect surface reactions. For instance, it is uncertain whether H sub species directly participate in hydrogenation of alkyls on Pd, as also discussed for Ni catalysts. [3, 4] As a touchstone reaction we have chosen alkyl to alkane hydrogenation step, which on Pd catalysts is known to be critically affected by the H sub content. [5] [6] [7] (See also our experimental data in Supporting Information (SI) and in Figure S1 .) Importantly, hydrogenation activity of Pd is qualitatively different on single-crystal and nanoparticle (NP) samples. [ 6 ] Thus, to account for a part of the complexity of the subsurface chemistry [8] and involvement of H sub in the hydrogenation on metal catalysts we go beyond the consideration of only single-crystal surfaces and explore NP models as well. After an indepth analysis of the processes on Pd we critically compare it with three other transition metals, Pt, Ni and Rh, whose bulk or NP forms were experimentally shown to absorb H. [ 
,9]
Our density-functional calculations of Pd catalysts are performed for Pd(111) extended (slab) and unsupported Pd 79 NP models with different arrangements and concentrations of H atoms ( Figure 1a ). Note that bare Pd NPs of a similar size sufficiently accurately mimic the NPs deposited on inert metal-oxides. [10] We consider the reactivity of terrace sites on {111} facets of the Pd 79 NP, which is representative for larger Pd NPs commonly employed in catalytic experiments. [11] Edge sites are not discussed here since we did not find them to be more active than the terrace sites in the reaction under scrutiny. Theoretical studies reveal that H sub is bound weaker than H ad on Pd [12] and other transition metals, [13] implying that at equilibrium conditions H occupies subsurface positions only after filling most of the surface positions. [ 5 ,12,14] In some papers the effect of the H ad atoms on the H sub was considered for transition metal slabs, [15] Figure   S2 ). However, the attacking H (Table 1) . This corresponds to a three orders of magnitude higher hydrogenation rate at 298 K. The activation barriers for the low-coverage and surface-saturated single-crystal models agree within 2 kJ mol [18] appears to be the main reason for the activation of Pd catalysts by subsurface H, which is particularly strong on Pd NPs. [19] explaining the dramatic change in catalytic properties of Pd upon saturation with H. The second effect is related to the DOS of the subsurface-saturated NP model, for which the lowest hydrogenation activation energy is computed. The H s-projected DOS reveals a small feature just below the Fermi level corresponding to a partial occupation of the antibonding H ad -Pd 3 states (see asterisks in Figure 3 ). The latter, in line with the reactivity analysis of different late transition metals with respect to H, [20] results in a notably weaker interaction between H ad and Pd. Both effects on DOS plots described above are significantly stronger for NPs than for single-crystal models. The results collected in Table 2 From practical point of view, the discussed mechanisms of destabilization or stabilization of adsorbed H by absorbed H may be used to tune catalytic activity of transition metals.
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